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ABSTRACT 
The effects of quenching conditions , s i ngle-step and t wo-step 
agins treatments on the tensile profl-erties of an Al-4.5%Cu-1.5%Mg 
alloy h as been invevtigated. Results indi cate that two distinctly 
different precipitates of GPB and S ' form during aging . Single-
st ep aging at 1Lf0°C, 160°C and 190°C indicated that 24 hours at 
160°C produced op _imum strength ( 6 7 ksi UTS ) . Tv70-S t p aging for 
3 days at lij0°C plus 190°C resulted in a slight increase j _n str ngth 
ov eT sing1e-·step aging at 190°C . Slm.;r (oil ) quenching as v7ell as 
direct quenching improved the tensile properties V..7hen aged at 190°C . 
Reversion occur~ed slowly over the t mperature range 250°C to 350°C. 
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INTRODUCTION 
The age hardening of aluminum-copper-magnesium alloys has been 
studied extensively. The formation of a new phase upon cooling which 
is dependent upon the diffusion aspects in the solid state is the basis 
for the phenomena. The improvement in mechanical properties is due to 
a resistance to plastic deformation due to the clustering (precipita-
tion) of the insoluble material at a critical dispersion [1]. The 
evaluation of X-ray data which lead to the discovery of G.P. zones has 
explained the precipitation of the copper in aluminum upon aging [2). 
The development in the understanding of the nature of the precip-
itation mechanism did not meet with major milestones until after the 
early 1950's. An extensive review of the information on aluminum-
COFper- magnesium in 1954 by Hardy [3] indicated an understanding of 
the effects of specific heat treatments without a clear explanation 
of the cause. The quicker response of alloys with the addition of 
magnesium and some general conclusions with regard to reversion pro-
vided the major results prior to the early 1950's. 
Precipitates in Aluminum-Copper-Magnesium 
The aluminum-4.5 %copper-1.5% magnesium alloy is a pseudo-binary 
material forming an alpha and S phase (Al 2cwg) at temperatures below 
507°C [4]. The metastable S' phase is nucleated prior to the forma~ion 
of the inc oherent precipitates oft e lath shaped S phase [5]. The 
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major strengthening effects in this alloy occur as the homogenous-
ly nucleated GPB zones are precipitated in correct distribution 
and size along with the early precipitation of the S' phase [6]. 
Information relating to each specific precipitate will be discussed 
in this section . 
GPB zones 
The formation of the GPB zones is due to the supersaturation[l7] 
encountered upon cooling from the solutionization temperature. The 
~ 
four percent smaller atoms of copper by volume with respect to alum-
inurn are offset by the fourteen percent larger atoms of magnesium. 
As the material is cooled from its solutionization temperature the 
nucleation and growth of aggregates of copper and magnesium on (100) 
planes of aluminum occur [6]. Earlier work by Hardy [3] who used 
x-ray diffraction techniques labeled these zones as G.P.(l,Cu) and 
G.P. (l,S). The possibility of a series of solutions of G.P.(l,Cu, 
Mg) forming from G.P.(l,Cu) an·d G.P.(l,S) was also presented by 
Hardy [3]. Silcox [6] examined the alloy system and identified the 
G.P. zones as G.P.B. due to the fact that the correlation between 
the S phase and the zones is questionable. The smaller size of the 
GPB zones (approximately lOA to 30A) and the lack of strains intro-
duced in the matrix at the early stages make examination with the 
electron microscope unprofitable [7]. The role of vacancies in the 
formation of G~B zones provides an explanation of the high dif-
fusion observed with this alloy [8] . The binding energy associated 
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with the vacancies and solute atoms in this alloy is believed to con-
tribute to a metastable vacancy enriched GPB zone [9]~ The formation 
and stability of GPB zones has been evaluated by reversion experiments 
[10]. The formation of specific zones and the subsequent resolution 
of the zones due to a higher temperature has been an effective means 
of identifing the upper limits of stability. Sen and West [11] have 
evaluated the stability of the GPB zones and found the uppe r limit 
to be 260°C. 
The formation of GPB (2) structure has been noted by Silcox [6]. 
The analysis of the structure with x-ray diffraction indicated a 
third dimension appearing in the GPB structure. Some of the spots 
were in the position of the S' precipitate spots, but some wer e als o 
in ne,., positions. This development was noted only a f ter aging above 
240°C. Silcox [6] has also made comment as to the high hardness 
values associated with the GPB (2) structure. 
S' and S zones 
The supersaturation of the binary aluminum plus Al2CuMg phase 
results in a transformation to the S phase (Al2CuMg) whi ch is in-
coherent ,.;rith the matrix when sufficient energy is available t o 
cause the phase to grow [12]. The S' phase preceeds the S phas e . 
The S' phase has been one of the more completely investigated 
precipitates in this alloy system [5]. The peak hardness has been 
found to occur during the formation of the S' precipitates [6]. The 
orientation relationship of t he S' precipitate to t he aluminum 
4 
matrix is: 
as reported by Silcox [6]. The S' precipitate is orthorhombic with 
0 
a= 4.00, b= 9.23, and c= 7.14 A [6]. The misfit of this precipitate 
is accommodated by dislocations which act as nucleation sites [13]. 
Nucleation and Clustering of Precipitates 
The nucleation process occurs during the quenching of the alloy 
[6]. The quench rate is known to influence the aging response of 
aluminum-copper-magnesium alloys [6,8,11]. The precipitation se-
quence occurs with two different precipitates. The GPB zones nuc-
leate homogenously during the quench and initial aging. The pres-
ence of vacancies in the supersaturated solid solution enhance the 
diffusion of atoms and allow for rapid nucleation of the GPB zones 
[14]. The formation of the S' precipitate occurs as lath shaped 
particles which commonly nucleate on dislocations [15]. The S' 
laths nucleate as a function of three energy changes, the volume 
free energy change, the strain energy change and the increase in 
interfacial energy due to the new precipitate-matrix boundary [5]. 
High temperatures and extended times are required to produce 
stable S' precipitates that contribute to the mechanical strength 
of the alloy [6]. The formation of the S' precipitate is not depend-
ant upon the GPB zones [13]. The electron microscope investigation 
of S' precipitation by Wilson and Partridge [5] developed both the 
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nucleation and growth kinetics of the S' precipitate. The influence 
of the interfacial energy upon the growth of S' precipitates is sig-
. nificant. The recent theoretical presentation by Russel and Aaron-
son [20] indicate the dominance of this factor. The formation of 
dislocation loops due to the quenched in vacancies is an important 
factor in the nucleation kinetics of the S' precipitate 
Strengthening Methods and Properties 
The mechanical properties of age hardened aluminum alloys has 
been the primary evaluation mechanism since its early discovery. 
The hardness of aluminum-copper-magnesium increases with the pre-
cipitation of the GPB and S' zones [3]. The correlation between 
hardness and x-ray diffraction has been demonstrated as an effective 
tool to correlate the structure and mechanical properties [6]. Th e 
initial precipitation of GPB zones results in an increase in str ength 
of the alloy [16]. The formation of the metastable S' phase con-
tributes to the strengthening effects also. The study by Robinson 
and Hunter [16] found values of 63ksi ultimate tensile strength(UTS) 
and 20 percent elongation for GPB zones formed from water quenching 
and room temperature aging in Al-4. 5%Cu-1. 5%Mg . . The published data 
indicates [22] that typical values for age hardened Al-Cu-Mg at 190°C 
is 70ksi UTS and 8 to 12 percent elongation . This data does not 
refer to the same composition (0.5%Mn added) or actual heat treatment 
conditions of the research alloy evaluated. The additional 0.5% Mr1 
and different quenching conditions can play an influencial role. 
This data is presented as the typical application oriented infor-
mation for comparison purposes . 
RESEARCH OBJECTIVE 
The purpose of this research was to examine the effects of 
different quenching conditions and heat treatments on the tensile 
properties of an aluminum-4.5% copper-1.5% magnesium alloy. The 
different quenching conditions were water quench and oil quench 
6 
to 20°C and direct oil quench to 190°C. The heat treatments were 
single-step and two-step aging treatments and reversion. The 
tensile properties investigated were the ultimate tensile strength, 
yield strength and the elonga tion of the samples. 
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EXPERIMENTAL PROCEDURE 
The composition (see Table 1) of the sample was evaluated fol-
lowing the prescribed heat treatment$. The alloy was direct chill 
cast into a 3 by 8 by 12 inch ingot which was homogenized at 500°C, 
scalped and hot rolled to 0.125 inch thickness sheets and then cold 
rolled to 0.025 inches using several intermediate annealing treat-
ments. The 0.025 inch sheets were then sheared into 2.0 by 0.25 by 
0.025 inch blanks and machined into tensile test specimens with a 
reduced section of 0.5 by 0.125 inches. Prior to all aging trea c-
ments, all of the samples were given solid solution heat treatments 
at 5QOOC for 20 minutes in a furnance which was controlled to + 3°C. 
After the solution heat treatment, the samples were quenched into t he 
prescribed media (this being the quenching referred to throughout 
the text) and aged in a bath of Ucon Heat Transfer Fluid controlled 
TABLE 1 
CHEMICAL ANALYSIS OF MATERIAL * 
Cu 
_!ig_ Si Fe Mn Cr 
--- -- -- --4.40 1.49 0.01 0.01 0.01 0.01 
Ni Zn Ti ~.£__ 
--
--
0.01 0.01 0.01 0.01 
* All percentages in wt. % 
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Single-step and two step aging and reversion treatments were 
performed on the alloy to determine the charactel'istics under dif-
ferent aging conditions. Single-step aging treatments were performed 
at 140°C, 160°C and 190°C for various times . The effect of quench 
rate upon aging at 190°C was performed. The effect of two-step aging 
was performed by aging at 80°C for 1 week followed by aging at 
190°C, aging at 140°C for 3 days followed by aging at 190°C and 
aging at 80°C for 1 week followed by aging at 160°C. The effect 
of direct quenching to the aging temperature (190°C) was performed. 
Reversion experiments were accomplished by aging at 190°C for 10 
hours following a water quench, then 15 minutes at temperatures 
between 250°C and 350°C. A summary of the aging treatments is 
given in table 2. 
After the heat treatments, the samples were tested for u.lti-
rr~te tensile strength, 0.2% offset yield strength and elongation 
using a 10,000 lb Instron machine. (0.1 inches per minute) and an 
Instron strain gage extensometer. All samples were tested at room 
temperature in duplicate. In cases where obvious discrepencies in 
the results occurred additional tests were made. 
TABLE 2 
SPECIMEN AGING TREATMENTS 
Aluminum-4. 5% Coppe~_-1. 5% Magnesium 
All samples were initially solution heat treated for 20 minutes at 
500°C and quenched into the prescribed media . 
Single-Step Aging 
(water quenched) 
a. aged at 140°C (up to 1 week) 
b. aged at 160°C (up to 1 week) 
c. aged at 190°C (up to 96 hours) 
Two-Step Aging 
(water quenched) 
a. aged at 80°C for 1 week; aged at 160°C (to 96 hours ) 
b. aged at 80°C for 1 week; aged at 190°C (to 96 hours ) 
c. aged at 140°C for 3 days; aged at 190°C(to 96 hours) 
Quench Rate Study 
a. water quenched (20°C), aged at 190°C (to 96 hours) 
b. oil quenched (20°C), aged at 190°C (to 96 hours) 
Direct Quenching Study 
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a. water quenched (20°C), aged at 190°C (to 96 hours) 
b. direct quenched to 190°C and aged at 190°C(to 96 hours) 
Reversion 
water quenched (20°C) and aged 10 hours at 190°C 
15 minutes at either 250,275,300,325 or 350°C 
10 
RESULTS 
SINGLE-STEP AGING 
The effects of single-step aging at 140°C, 160°C and 190°C on 
the tensile properties of the Al-4.5%Cu-1.5%Mg alloy are shown in 
Fig. 1 to 3. All samples for these aging treatments were solution-
ized at 500°C for 20 minutes and were water quenched at 20°C. 
(a) Aging at 140°C 
, 
The ultimate tensile strength (UTS) of the alloy increased 
rapidly from the as quenched value of 39.8 to 63.5 ksi within two 
minutes v7hen aged at 140°C (Fig. 1). Further aging at 140°C up to 
3 days produced no significant increases in UTS . After 7 days aging 
at 140°C the UTS rose to 64.3 ksi which is 2 ksi above the average 
UTS for two days aging at this temp erature. 
The yield strength followed the same trend as the UTS during 
aging at 140°C. That is, within the first 2 minutes the yield 
strength rose from 17.3 to 41.9 ksi. No further increase in yield 
strengrh occurred until after 3 days aging. Between 3 and 7 days at 
140°C the yield strength increased to 45.3 ksi. 
Ductility as measured by t he pe .. cent elongation did not change 
significantly during the 7 days aging at 140°C and remained at 22±3%. 
Thus the alloy remained quite ductile during the whole aging period. 
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Fig. 1.--The effect of single-step aging treatments 
at 140°C on the tensile properties of the Al-4.5 %Cu-1.5%Mg alloy. 
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(b) Aging at 160°C 
The ultimate tensile strength of the alloy increased rapidly 
from the as quenched value of 39.8 to 64.0 ksi in 2 minutes when 
aged at 160°C (Fig. 2). Further aging at 160°C up to 2 days pro-
duced no significant increase in UTS. In the interval between 2 
and 7 days a peak of 67.5 ksi occurred at 3 days. The 7 day aging 
data indicated a decline to 63.4 ksi. 
The yield strength followed the same trend as the UTS during 
aging at 160°C for the first 16 hours. That is, within the first 
12 
2 minutes the yield strength rose from 17.3 to 41.6 ksi. No further 
increase in yield strength occurred until after 16 hours aging. 
The yield strength then rose rapidly to 52.9 ksi in the 16 hour to 
96 hour period. In the period between 96 and 144 hours the yield 
strength declined to a value of 51.4 ksi. 
Ductility as measured ·by the percent elongation did not change 
significantly until after 16 hours aging where it decreased from 
the earlier value of 22±3% to a value of 9% after 144 hours aging. 
Thus the ductility of the alloy decreased significantly as the yield 
and UTS increased. 
(c) Aging at 190°C 
The ultimate tensile strength of the alloy increased rapidly 
from the as quenched value of 39 . 8 to 60.8 ksi in one minute and 
remained at this value for 2 hours (Fig. 3). Between the 2 and 4 
hour interval the UTS increased to 65.2 ksi which was the maximum 
value attained at this temperature. Further aging beyond 4 hours 
decreased the UTS steadily and after 96 hours it had fallen to 52 .7 
ksi . 
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Fig . 2.--The effects of single-step aging treatments at 
160°C on the tensile properties of the Al- 4 . 5%Cu-1 .5%Mg alloy . 
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The yield strength followed the same trend in aging charac-
teristics as the ultimate tensile strength except that the max-
imum yield strength was reached after 8 hours instead of 4. The 
yield strength approached the UT~ value of 53 ksi as the maximum 
UTS was reached. 
The elongation correspondingly decreased from 20±2% to 
10±2% as the maximum UTS was reached. Further aging beyond the 
maximum decreased the elongation still further so that after 96 
hours of aging the alloy had decreased to 5%. 
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A comparison of the ultimate tensile strengths for the aging 
temperatures of 140, 160 and 190°C is presented in Fig. 4. The 
influence of the temperature on the time to peak strength is noted. 
Aging at 190°C resulted in a peak UTS in 4 hours while aging at 
160°C resulted in a peak after 72 hours. The 140°C aging indicated 
a trend to increased UTS after the maximum test time of 168 hours. 
A comparison of the 0.2% yield strengths for the aging temper-
atures of 140, 160 and 190°C is presented in Fig. 5. The influence 
of the temperature on the time to peak yield strengths is also 
noted in this comparison . The peak yield strengths occur in the 
same time period as the UTS maximum. 
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Fig . 3 .--The effects of single-step aging treatments 
at 190°C on the tensile properties of the Al- 4 . 5%Cu-1 .5 %Mg 
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Fig . 4.-- The ef fects of single-step aging treatments at 
140°C,160°C and 190°C on the ultimate strength of the Al-4 . 5%Cu-1.5%Mg alloy. 
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Fig . 5. -- The effects of single-step aging treatments at 140°C , 
160°C and 190°C on the 0.2% yield strength of the Al-4 . 5%Cu-1 . 5%Mg alloy . ._. 
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TWO-STEP AGING 
The effects of two-step aging at 80°C (168 hr.)' and 160°C, 80°C 
for 168 hr. and 190°C and 140°C for 72 hr. and 190°C on the ten-
sile properties of the Al-4.5%Cu-~.5%Mg alloy are shown in Fig. 6 
to 11. All samples were solutionized at 500°C for 20 minutes and 
were quenched in water at 20°C. 
(a) Aging 7 Days at 80°C Plus 160°C 
As indicated in Fig. 6, the UTS after the 7 days (168 hr) at 
80°C was 64.5 ksi. With one hour subsequent aging at 160°C the 
UTS decreased to 60.6 ksi. Further aging at 160°C led to a gradual 
increase in UTS to 64.5 ksi after 96 hours. 
TI1e yield strength followed the same trend as the UTS during 
aging at 160°C. A reduction from 42.5 ksi after preaging to 39.1 
ksi after one hour at 160°C is noted. The yield strength then 
gradually increased from 39.1 ksi after one hour at 160°C t o 43 ksi 
after 24 hours aging. Between 24 and 96 hours at 160°C the yield 
strength rapidly increased from 39.1 to 55.5 ksi. 
Ductility as measured by the percent elongation did not change 
significantly until after 24 hour aging at 160°C and remained at 
22±2%. In the period between 24 and 96 hours aging at 160°C the 
elongation decreased rapidly from 22 to 10% while the yield streng~h 
correspondly increased. 
A coQparison of the tensile properties of the alloy single-
step aged at 160°C and two-step aged for one week at 80°C and then 
at 160°C is shown in Fig. 7. The UTS values for two-step aging are 
slightly lower throughout the whole aging process. Th~ ~eak UTS 
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Fig . 6 .-- The ef f ects of two-step aging treatments at 80°C 
for one week plus aging at 160°C on the tensile properties of the Al-4 . 5%Cu-l . S%Mg alloy . f-' 
"' 
s 
T 
R 
E 60 
N 
G 
T 
H 
I 50 
N 
~ ~ ~· 
j.,. 
IJ 
'II ;, "' r. " lii!hooHiill 
I~ II 
lll~ l l I 111 11 11 11 I 111 111111 
-' ~ + IfU · ~' jjj jlil u I"" · ,· ,H I 'r,'.li l'"'"'i~~r~ ~- 11'1 !nl 1 1 'i,~i· 
rmmm 
ji!J 
~ lll lth! ! HI! I!IH !I! I' ! 
~ 
rT 
II 
rT 
IH .;i ·~ iii illi l li~ -~ ·th I Hth hl hI :I 
-14+H-H·+Ui-flil.rl , ctt"· ~· 1 111; 1 .
1
. , : 1 1 u1 :, ,,, ~Ht , t!Tl~~n~~ ~·'~' ' 1t tr1 rr :m ·~lllr: .,,,. 'Ill ~ It''~' IHIIII'illtL ' '''tH j' . ~''' · . fl~ rfll';·ll:·~' 1 " "W ~· l· · ~.:r:tn· lct:tt;''!z.r 
s .~::::::::~~u.r-· 1~: IJ! ~ :ll)l :r; .. ~ l~l~-~r!~ ~J- L)l~:l'''h ~- ~ T Wr0~ w }~~~ ~~~~·· ;, . ~ ~J r~ ~ ~~~ 11111!1~ 'i~l,iJ~H !!1 11~ !11 ~H~~~ ~ - ,. ,,. , ~j -ljil '.w. l· ,ill ·=r_1 . H frll llnlln!lliif'··l j';!il::dilH Hilj ·J!l'41i111 U lllj · !Hi IW il!t ~~ ~ !HI'~ 
K 
% 
1.0 
'I ~"'!' ffi tli,ll u, - L u ~.: !IH 0: ;l n t!l f! illlilllhi:,~m l+_rr i-1 ITrQJJmmulli itllii!Mtl Wl ~f,ll~ iLl I l I - ITI !iii mi 'I~; 
.Iii 1,, ~11,11, , ,~ , Hl ~1 tl n ! Jllli llil 
·'"U!i 
E 
L 
0 
N 
20 G 
A 
T 
j.:.~, ; :!J lO I 
1 '~ 0 ~ ~: N 
~ 0 
10 100 1000 10000 
AGING TIME IN MINUTES 
Fig. 7 .-- L comparison of single-step aging at 160°C and preaging 
at 80°\. f or one week plus aging at 160 °C on the tensile properties of the Al- 4 . 5%Cu-1 . 5%Mg N 0 
value of the preaged and single-aged treatments occurred at about 
the same time of 72 hours aging. The UTS of the two-step aged 
alloy was slightly lower by 3 ksi at the peak occurring at 72 
hours. After 96 hours aging at -160°C, the yield strength of the 
single-step aged alloy was slightly higher and its ductility 
slightly lower than the two-step aged alloy. 
(b) Aging 7 Days at 80°C Plus 190°C 
21 
As is shown in Fig. 8. the UTS of the alloy preaged for one 
week at 80°C was initially decreased upon aging at 190°C. A min-
imum value of 58.1 ksi was reached after 2 hours aging at 190°C, 
Upon further aging at 190°C, the UTS increased reaching a maximum 
of 61.8 ksi after 6 hours aging. Aging beyond 6 hours led to a 
rapid decrease in UTS to 56.9 ksi after 16 hours and to a gradual 
decrease to 55.8 ksi after 96 hours. 
The yield strength again followed the same trend as the UTS 
with a slight decrease in strength to 38.7 ksi occuring in one 
hour. This was followed by a rapid increase to 53.4 ksi after 6 
hours. Further aging from 6 to 9 hours led to a slight decrease 
to 44.5 ksi after 96 hours. The ductility decreased from 25% after 
preaging one week at 80°C to 8.6% after 6 hours aging at 190°C. 
The minimum ductility corresponded to the maximum value of UTS 
and yield strength. Subsequent aging at 190°C led to a leveling 
of the ductility values to 9 to 10% in the period from 6 to 96 
hours. 
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Fig . 8.--The effects of two-step aging treatments at 80°C for one 
week plus aging at 190°C on the tensile properties of the Al-4.5%Cu-1.5%Mg alloy. N 
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Fig . 9.--A comparison of single-step aging at 190°C and preaging at 80°C for one 
week plus aging at 190°C on the tensile properties of the Al-4.5 %Cu-l . S%Mg alloy N 
w 
A comparison of the tensile properties of the alloy aged at 
190°C and two-step aged for one week at 80°C plus 190°C is shown 
24 
in Fig. 9. The UTS for the two-step aged alloy was initially 
gr.eater than the single-step aged alloy. Upon aging at 190°C the 
UTS of the preaged alloy after 2 hours had decreased to 58.1 ksi 
which is about 3 ksi lower than that of the single-step aged alloy. 
After 6 hours at 190°C the UTS of the preaged alloy increased to 
a maximum value of 61.8 ksi which is 3 ksi less than the peak UTS 
of the single-step aged alloy. The two-step aged alloy maintains 
its strength to a greater degree while the sin gle-step alloy 
decreased in strength (averaged) more than the two-step alloy. 
The yield strengths. of the two-step aged alloy followed the same 
trend as the UTS. The two-step aged alloy _reduced in yield strength 
at a slower rate but arrived at the same value at the 96 hour point. 
The ductility values of the single-step aged alloy did not vary 
significantly from the two-step aged all.oy. 
(c) Aging 3 Days (72 hr) At 140°C Plus 190°C 
Figure 10 shows the tensile properties of the two-step aging 
treatments of 3 days at 140°C plus aging at 190°C. The UTS de-
creased from the as preaged value of 64.1 ksi to 62.6 ksi after 
aging 2 hours at 190°C. Upon further aging the UTS rapidly in-
creased to a value of 67.0 ksi after 4 hours. Further aging 
beyond 4 hours led to a rapid decrease to 59.5 ksi after 6 hours 
and subsequently to a gradual decrease to 56.5 ksi after 96 hours. 
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Fig . 10 .--The effects of two-step aging treatments at 140°C for three 
days plus aging at 190°C on the tensile properties of the Al-4.5%Cu-1 .5%Mg alloy. N Vl 
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Fig . 11 . --A comparison of s i ngle- step aging a t 190 °C aad preaging at 140°C for 
three days plus a ging at 190°C on t he tens ile properties of the Al-4 . 5%Cu- 1 . 5%Mg alloy . 
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The yield strength again followed the same trend as the UTS 
with an initial slight decrease in strength occurring in the pre-
aged alloy. This was followed by a rapid increase in yield strength 
to 55.2 ksi after 8 hours aging ~t 190°C. Subsequently a slow 
decrease to 45.9 ksi occurred after 96 hours aging. The ductility 
remained at 21±3% until after the 2 hour aging, then the ductility 
fell to 10±2% in direct correlation to the increase in strength. 
A. comparison of the tensile properties of the alloy single-
step aged at .190°C and the two-step aged treatment of 3 days at 
140°C plus 190°C is shown in Fig. 11. The UTS values for the two-
step aging treatment were slightly higher througho~t the entire 
aging process. Th~ peak values in UTS occurred at the 4 hour 
period in both cases. The UTS values of the two-step aged alloy 
did not decrease as rapidly as those of the single-step aged alloy 
in the 24 to 96 hour period. The yield strength values followed 
the UTS trend in values. The ductility of both alloys did not 
deviate significantly from one another. 
QUENCH RATE STUDY 
The effects of slow quenching in oil at 20°C on the tensile 
properties of the Al-4.5%Cu-1.5%Mg alloy are shown in Fig. 12. 
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The samples were solutionized £ur 20 minutes at 500°C (as for all 
previous tests). Upon aging at 190°C, a slight decrease in strength 
was observed in that the UTS fell from its as quenched value of 
65 ksi to 63 ksi after the first 2 hours aging. In the 2 to 48 
hour period the UTS values increased steadily to a peak value of 
70.5 ksi. The UTS peak was followed by a rapid decrease to 50.0 
ksi after 96 hours aging. 
The yield strength followed the same trend as the UTS. A 
slight decrease in strength was observed in the first hour of aging. 
This was followed again by a rapid increase to 58.2 ksi after 12 
hours. Subsequently, a sharp decrease in yield strength occurred 
during the 12 to 96 hour period, resulting in a final value of 
33.9 ksi. 
The ductility as measured by the percent elongation did not 
char1ge significantly with a constant value of 22±3% until after 
60 minutes aging at 190°C. In the period between one hour and 
six hours aging at 190°C the elongation decreased rapidly from 
22 to 10% while the UTS and yield strength correspondingly increased. 
The tensile properties of the alloy water quenched and aged 
at 190°C as compared to those obtained by cil quenching and aging 
at 190°C are shown in Fig. 13 . The UTS values for the oil quench-
ed alloy are higher throughout the entire aging process, except 
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Fig . 13 .--A comparison of oi l quenched and water quenched (at 20 °C) and 
aging at 190 °C on the t ensile properties of the Al- 4 . 5%Cu- 1 . 5%Mg alloy . w 0 
for the final aging (overaged), where they are about the same. 
The maximum UTS for the slow oil quenched alloy occurred after 
12 hours aging while the maximum UTS of the fast water quenched 
alloy occurred between 4 and 8 ·nours. 
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The yield strength values showed the same trend with the max-
imum strength obtained by oil quenched and aged at 190°C for 12 
hours being 5 ksi higher than the water quenched and aged alloy . 
The maximum yield strength of the oil quenched and aged material 
occurred 4 hours after the water quenched alloy. After 96 hours 
at 190°C (very overaged) the yield strength of the oil quenched 
alloy dropped gradually to 33.9 ksi. There appeared to be no 
significant difference in the ductility of the alloy water or oil 
quenched and aged at 190°C throughout the whole aging process. 
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DIRECT QUENCHING STUDY 
The effects of quenching to the aging temperature of 190°C 
in oil on the tensile properties of the Al-4.5%Cu-1.5%Mg alloy are 
shown in Fig. 14. The samples .were solutionized for 20 minutes at 
500°C. Upon aging a gradual increase in the UTS was observed from 
the early aged value of 60. Oksi to· the peak at 24 hours aging with 
a value of 69.0 ksi. The UTS was followed by a rapid decrease to 
60 ksi after 96 hours. 
The yield strength followed the same trend as the UTS. A 
steady increase in yield strength occurred to the 4 hour period. 
The yield strength then increased rapidily to a value of 57.9 ksi 
in 24 hours. Subsequently, a sharp decrease in yield strength 
occurred during the 24 to 96 hour period, resulting in a final 
value of 48.7 ksi. The ductility as measured by the percent 
elongation did not change significantly with a constant value of 
19 2%, until after the 30 minute aging at 190°C. In the period 
between 30 minutes and 2 hours the elongation decreased from 19 
to 14%. A rapid decrease occurred in the period from 2 hours to 
8 hours decreasing to 4%. The UTS and yield strength correspond-· 
ingly increased. 
The tensile properties of the alloy water quenched and aged 
at 190°C as compared to those obtained by direct oil quenching and 
aging at 190°C are shown in Fig. 15. The UTS values for the oil 
quenched and direct aged alloy are grea~er throughout the aging. 
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Fig . 15. - - A comparison of direct oil quench (to 190°C) and water quench (to 20°C) 
and aging at 190°C on the tensile properties of the Al-4 . 5%Cu-1.5%Mg alloy . w ~ 
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The peak of the water quenched data occurred in the 8 hour period. 
The direct quenched and aged alloy continued to increase in 
strength to 69.0 ksi after 24 hours aging while the water quench-
ed and aged alloy (190°C) lost .1ts strength falling to a value 5 
ksi less then the direct aged alloy at the 24 hour period. There 
was no significant difference in the ductility of the two differ-
ent aging treatments until after the 16 hour aging period. After 
the i6 hours the water quenched alloy showed slightly greater 
ductility. 
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REVERSION STUDY 
After first aging the alloy for 10 hours at 190°C following 
a water quench, the UTS was 59.2 ksi and the yield strength was 
50.5 ksi. After 15 minutes at 2S0°C the UTS dropped to 53.3 ksi. 
There was no significant decrease in the UTS when additional samples 
were reverted at 275°C for 15 minutes. At temperatures greater 
than 275°C there was gradual decrease to a value of 44.1 ksi at 
350°C. The yield strength decreased in value following the same 
trend as the UTS. In the interval from 250 to 275°C a slight 
decrease occurred, this was followed by a consistant drop in yield 
strength to a value of 21.4 ksi at 350°C. The elongation indicated 
a gradual increase in value from 4.6 ksi in the aged condition to 
10.3 ksi over the entire reversion temperature range. The changes 
to the UTS, yield strength and elongation are shoWl~ in figure 16. 
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Fig . 16.--The effects of reversion treatments for 15 minutes at various 
temperatures on the tensile properties of a fully aged Al-4.5%Cu-1 . 5%Mg alloy . 
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DISCUSSION 
Single-Step Aging 
The results obtained for the single-step aging experiments can 
be compared to published data [3,6,"20,22} of alloys of similar com-
position. The difference in copper and magnesium content has been 
known to significantly influence the time to achieve peak hardness 
[3]. The published hardness curves of Hardy [3] and Silcox [6] in-
dicate increase to peak hardness at ll0°C,l30°C,l65°C and 190°C of 
the aluminum-3.1%copper-1.5%magnesium alloy. This earlier data 
agrees with the results which were obtained through· the tensile tests 
of this experimentation when consideration is given to the accele-
rating effect of additional copper [3]. 
Silcox [6] correlated hardness data with x-ray diffraction an-
alysis and identified the precipitates that are formed at each stage 
along the hardness verses time curves for single-step aging. The 
GPB zones formed initially and were followed by the S' precipitate. 
Aging for longer times and higher temperatures indicated that S' and 
S precipitates did form. The formation of the S' precipitate is 
noted as an increase in the strength of the alloy with a correspond-
ing reduction of the elongation. The S' precipitate is primarily 
nucleated heterogenously on dislocations [13]. The gro~vth of this 
precipitate occurs due to accommodation of the dislocations with the 
·strain due to the misfit of the precipitate with the matrix. 
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The aging data of 190°C indicates the formation of the S' pre-
cipitate. This precipitate impeades the glide of dislocations 
through the matrix and therefore increases the strength of the 
material. The S' precipitate iS - lndicated by a maximum on the 
strength verses log time curve which reaches the peak in 6 to 8 
hours for 190°C aging. The 0.2% yield strength changes concomittent-
ly with the peak in the UTS curve. The loss of elongation due to 
the formation of the S' precipitate can be seen in the graphical 
data presentation of figure 3. The drop from 20% to 7% associat~d 
with the increase is a result of the difficulty for dislocations to 
pass through the S' lath network. 
The evaluation of the single-step aging curves at 140°C,l60°C 
and 190°C indicates that two distinct stages of strengths are formed. 
In the initial stage a homogenous distribution of the GPB zones 
torm and result in an increase in strength with no change in elonga-
tion. This precipitate forms upon quenching and grows rapidly in 
a few minutes. The S' precipitate which is a metastable form of 
S phase (Al2CuMg) forms after prolonged aging at the higher temp-
eratures. The single-step aging evaluations were performed to study 
the basic precipitation mechanisms in the Al-4.5%Cu-1.5%Mg alloy. 
The existence of the S' intermediate precipitates are accommitted 
with the peak and the simultanous loss of ductility. 
Two-Step Aging 
The two-step aging process is a multi-isothermal treatment 
following the solutionizing and quenching operation. The alloy 
is first aged (refered to as preaged) at a given temperature for 
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a period of time, and then is aged at a second time at a higher 
temperature. The first aging step ·is intended to produce a finely 
dispersed precipitate which will contribure to mechanical strength 
and set-up nuclei for the seconds step of aging. The two-step treat-
ment when properly used will result in a stabilized GPB precipitate 
that will contribute to the aging effects at a second aging temp-
erature. Previous work by Smith [18], Polmear [13], Pashley [19] 
and Singh [14] has indicated tha t a higher strength alloy can result 
in some cases from two-step aging. 
The two-step aging o~ Al-4.5 %Cu-1.5 %Mg resulted in a small 
increase in the strength of the alloy using 3 days at 140°C plus 
190°C treatment. The two-step aging treatment with 80°C f or 168 
hours followed by aging at 160°C or 190°C resulted in a slight de-
crease in strength. In studying an Al-3.3%Cu-1.6 %Mg alloy , Sen and 
West [11] found that 72 hours at 130°C plus 190°C resulted in im-
proved hardness. They believed that the S' laths formed during 
preaging at 130°C nucleated the larger laths formed at the second 
higher aging temperature. This therefore resulted in a denser 
distribution of S' and the higher hardness. The hardness obtained 
by Singh and Malik [14] for two-step aging at 140°C plus 190°C also 
~hawed that the 140°C preaging was effective in producing higher 
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hardness values. Since the GPB zones do not nucleate the S' phase, 
two-step aging first at a lower temperature for optimum GPB forma-
tion and then at a higher temperature will not result in increased 
S' formation. The contribution -or the GPB zones are evident in the 
early stages of aging at lower temperatures. The contributions 
of the S1 precipitate are significcnt at greater times and tempera-
~u~es~ Two-step aging to further enhance the S' formation and 
hence the peak strengths is accomplished with the 140°C plus 190°C 
treatments. The 80°C first stage aging is insufficient to provide 
stable nuclei at the 190°C temperature so as to improve the peak 
strengths of the alloy. 
Quench Rate Study 
The influence of quence rate upon the mechanical properties 
of aluminum-copper-magnesium alloys has been the topic of discussion 
in several technical studies [6,8,15,16]. In this present invest-
igation it has been found that higher strengths are obtained by a 
sloY.Ter quenching rate for the alloy studied. This increased strength 
is believed to be attributed to the creation of a fine dispersion of 
S' intermediate precipitates formed ciuring the slow quench. Sub-
sequent aging at 190°C will result in denser S 1 precipitates and 
hence higher strengths. This hypothesis will have to be verified 
by an electron microscope study of the precipitate distributions. 
Silcox [6] also noted the increased hardness after using a 
slow acetone quench over values obtained by water quenching and 
aging. The cging treatments she used v1ere single-step from 130°C 
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to 190°C. The · quench rate data of Silcox [6] was evaluated with 
the x-ray diffraction analysis and hardness measurements. According 
to Silcox [6] : 
" ••• a slower rate of quenching of the single 
crystals gives a higher peak hardness at 
0 130-190 C than a faster quench rate." 
As in the case of the two-step agirtg treatments of the previous 
section, the nuclei formed during the slow quench enhanced precip-
itation of the S' precitate at the aging temperature. This more 
optimum treatment by virture of the distribution and size of the 
S' precipitate results in increased strength. 
Direct Quenching Study 
The technique of direct quenching results in a quench from the 
solutionizing temperature to the aging ~ernperature. The amount of 
undercooling is less with this treatment and results in a thermal 
treatment that places the material directly at the aging temperature. 
The influence of this type of treatment can be significant upon the 
nucleation rate of the precipitates. Comparison of the data of 
direct quenched and water quenched samples indicates the influence 
of direct quenching upon the aged alloy. The higher values of 
tensile strengths of the direct quenched material which occur late r 
in time than the water quenched alloys indicate a mo~e optimum 
dispersion of precipitates. 
It is believed here again as in the slow quench study, a fine 
dispersion of S' intermediate precipitate is formed by direct quench-
"ing to 190°C and aging. This will result in higher strengths . 
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Reversion Study 
The phenomena of reversion is a resolution of the pr ecip-
itate by heating at a temperature which is above tha t of the or i g-
inal aging condit ion. The r eversion temperature is be low the 
equilibrium solvus. The direct observa tion of the phenomena in 
thin foils with the electron microscope by Hr en and Thomas [23] 
has added to the understanding of the process. 
Reversion data in connect ion with an evaluat ion of alumi num-
copper-magnesium has been used by Benton and Rollason [10] and Sen 
and West [11]. The reversion data presented by Benton and Roll· · 
ason [10] includes aluruinum-3.4% copper-1. 4% magnesium. The 
aluminum-4.5% copper-1.5% ma gnesium reversion data of this s t udy 
agrees with t he published hardness revers ion dat a. 1be fo1~a tion 
of precipitat es upon aging at 190°C f or 10 hours results i n het-
erogenous S' laths with GPB zones. The r esistivity work by Si ngh 
and Mallik [14] indicates a revers i on of GPB at 260°C which agrees 
with the published r es ults of Sen and West [11 ] . 
TI1e gradual decr ease i n str enght properties following the 
250°C t o 325°C revers ion treatment s indicate resolutio~ (reversion) 
of the GPB zones and t he coar sening of S ' int ermediat e precipitates . 
This process occurs s l m-Tly as i s i ndicated by t he s lope of the 
reversion curve . The type two 'revers i on process as presented by 
Smith [24] is known to occur at the temperature and composition 
which wa s evaluated. Tne di f~iculty expre~sed by Benton and 
44 
Rollason [10] was due in part to the formation of the S' precip-
itates which grew at the temperatures for GPB reversion. The 
technique used in this study produced a matrix of both precipitates. 
The reversion was therefore a matter of degree of reversion due to 
the multiple precipitate concentration of the matrix. 
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CONCLUSIONS 
1. Using single-step aging -amaximum value of 67 ksi UTS 
was produced by aging at 160°C for 24 hours. 
2. Two-step aging for 3 days at 140°C plus 190°C resulted 
in a slight increase in strength over the single-step aging 
~reatments at 190~C. 
3. Slow (oil) quenching followed by aging at 190°C produced 
higher ; strengths than ·water quenching and aging at 190°C. 
4. Direct quenching to 190°C followed by aging at 190°C 
produced higher strengths (of about the same as a slow oil quench) 
than water quenching and single-step aging at 190°C. 
5. Reversion of this alloy occurs slowly over the t emper ature 
range 250°C to 350°C indicating a gradual resolution of the GPB 
zones and coarsening of the S' precipitate. 
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RECOW1ENDATIONS FOR FURTHER STUDY 
The identification of the specific phase with the transmission 
electron illicroscope and x-ray diffraction analysis is recommended 
to complete the evaluation. The influence of quenching conditions 
upon the mechanical and corrosion properties of the alloy should 
be developed. A recent review by Fine [21] has i ndicated the sig-
nificance of this alloy system for fatigue and higher temperature 
applications. 
APPENDIX 
TABLE 3 
SINGLE-STEP AGING AT 140 °C 
HEAT TREATMENT: Solid solution heat treatment at 500°C for 
20 minutes, quenched in water at 20°C, age at 140°C 
Ultimate 
Aging Tensile Yield Strength Strength Elongation Time KSI KSI percen t 
As Q 39.8 17.3 22.3 
2 min. 63.5 41.9 23.0 
4 min. 63.3 42.0 22.5 
6 min. 63.6 41.6 23.0 
15 min. 62.6 41.7 22.5 
30 min. 62.2 40.8 20.0 
60 min. 63.5 41.5 20.5 
2 hr. 63.5 41.5 23.5 
4 hr. 62.9 41.3 23,5 
8 hr. 62.3 41.2 25.0 
16 hr. 63.5 41.5 23.0 
24 hr. 62.8 40.9 22.8 
48 hr. 62.0 41.0 21.3 
72 hr. 63.8 43.0 21.8 
168 r.r. 64.3 45.3 21.0 
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TABLE 4 
SINGLE-STEP AGING AT 160 °C 
HEAT TREATMENT : Solid solution heat treatment at 500°C for 
20 minutes, quenched in water at 20°C, age at 160°C 
Aging 
Time 
As Q 
2 min. 
4 min. 
8 min. 
15 min. 
30 min. 
60 min. 
2 hr. 
4 hr. 
8 hr. 
10 hr. 
12 hr. 
16 hr. 
24 hr. 
53 hr. 
72 hr. 
96 hr. 
144 hr. 
Ultimate 
Tensile 
Strength 
KSI 
39.8 
64.0 
64.5 
64.3 
63.6 
63.3 
64.0 
63.7 
64.3 
65.1 
64.7 
65.0 
64.6 
65.3 
65.2 
67.5 
65.3 
63.4 
Yield 
Strength 
KSI 
17.3 
41.6 
40.3 
40.2 
39.8 
39.5 
40.0 
39.5 
41.1 
41.4 
41.3 
41.7 
41.8 
44.0 
51.2 
52". 6 
52.9 
51.4 
Elongation 
percent 
22.3 
25.0 
17.5 
18.7 
23.7 
25.0 
25.0 
23.7 
23.1 
25.0 
23.4 
23.8 
23.7 
24.3 
18.1. 
14 .9 
12.0 
9.0 
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TABLE 5 
SINGLE-STEP AGING AT 190 °C 
HEAT TREATI1ENT: Solid solution heat treatment at 500°C f or 
20 minutes, quenched in water at 20°C, age at 190°C 
Ultimate 
Tensile Yield 
Aging Strength Strength Elongation 
Time KSI KSI percent 
As Q 39.8 17.3 22.3 
. 
1 min. 60.8 38.8 17.3 
2 min. 60.4 40.0 16.5 
4 min. 60.8 39.2 19.1 
8 min. 61.9 39.6 20.0 
15 min. 60.5 39.3 18.1 
30 min. 60.0 38.4 19.5 
60 min. 61.8 40.0 19.0 
2 hr. 59.2 42.5 13.3 
4 hr. 65.2 49.4 12.9 
8 hr. 64.6 53.2 7.3 
12 hr. 62.3 51.7 6.8 
16 hr. 60.2 49.0 9.0 
24 hr. 55.9 45.0 8.5 
48 hr. 55.0 43.8 8.5 
96 hr. 52.7 41.3 5.0 
TABLE 6 
TWO-S TEP AGI NG AT 80°C FOR 
ONE WEEK PLUS 160°C 
HEAT TREATMENT : Solid solut ion heat treatment 
20 minutes 
' 
quench at 20°C i n water, 80°C for 
age at 160°C 
Ult imate 
Tens ile Yiel d 
Aging Strengt h Streng t h 
Time KSI KSI 
As 
Preaged 64.1 42.5 
1 hr. 60.6 39. 1 
4 hr. 60.0 39.6 
6 hr. 61.7 40. 3 
8 hr. 61.9 41.3 
10 hr. 63.0 43. 0 
14 hr. 64.5 42. 8 
16 hr. 61.3 41. 6 
24 hr. 61.5 43 . 0 
48 hr. 64.8 51.5 
96 hr. 64.5 55 . 5 
50 
at 500°C f or 
one week t hen 
El ongation 
per cent 
19. 5 
22 . 5 
22 . 0 
24 . 0 
23 . 3 
24 . 0 
24 . 0 
22 .1 
20 .7 
15.3 
10 . 5 
TABLE 7 
TWO-STEP AGING AT 80°C FOR 
ONE ~~EK PLUS 190°C 
HEAT TREATMENT : Solid solution heat treatment at 500°C 
20 minutes, quench at 20°C in water, 80°C for one week, 
age at 190°C 
Ultimate 
Tensile Yield 
Aging Strength Strength Elongation 
Time KSI KSI percent 
As 
Preaged 64.2 43.4 24.8 
1 hr. 58.9 38.7 16.2 
2 hr. 58.1 40.9 16.8 
4 hr. 60.8 49.5 10.6 
6 hr. 61.8 53.4 8.6 
8 hr. 59.9 51.1 9.4 
10 hr. 58.7 50.8 9.8 
12 hr. 58.8 50.8 9.4 
16 hr. 56.9 48.7 10.0 
24 hr. 58.1 48.4 10.0 
48 hr. 56.3 45.7 9.0 
96 hr. 55.8 44.5 9.6 
51 
for 
then 
TABLE 8 
TWO-STEP AGING AT 140°C FOR 
72 HOURS PLUS 190°C 
HEAT TREATI1ENT: Solid solution heat treatment 
20 minutes, quench at 20°C in water, 140°C for 
age at 190°C 
Ultimate 
Tensile Yield 
Aging Strength Strength 
Time KSI KSI 
As 
Preage.d 64.1 43.6 
15 min. 62.4 41.8 
30 min. 62.6 41.2 
60 min. 61.6 41.7 
2 hr. 62.6 43.6 
4 hr. 67.0 52.0 
8 hr. 65.9 55.2 
12 hr. 61.9 52.2 
16 hr. 59.5 50.7 
28 hr. 57.7 48.6 
48 hr. 56.5 47 . 2 
96 hr. 56.5 45.9 
52 
at 500°C for 
72 hours, then 
Elongation 
percent 
21.0 
23 . 5 
23 . 0 
20 . 5 
21.0 
14.5 
10.5 
8.0 
8 . 8 
7.8 
8 . 0 
8 . 0 
TABLE 9 
SINGLE-STEP AGING AT 190°C 
OIL QUENCHED AT 20°C 
HEAT TREATMENT: Solid solution heat treatment at 500°C for 
20 minutes, quenched in oil at 20°C, age at 190°C 
Ultimate 
Tensile Yield 
Aging Strength Strength Elongation 
Time KSI KSI Percent 
As Q 65.0 t.o. 9 22.3 
1 min. 63.6 39.6 18.5 
2 min. 63.5 39.1 21.3 
4 min. 61.8 37.5 21.3 
8 min. 63.2 37.8 25.0 
15 min. 63.4 37.8 23.8 
1 hr. 63.9 38.9 24.0 
2 hr. 63.6 41.4 18.3 
4 hr. 66.0 48.8 14.0 
8 hr. 68.3 54.7 9.9 
12 hr. 70.5 58.2 8.4 
16 hr. 68.1 55.0 7.4 
24 hr. 66.2 53.1 9.0 
48 hr. 57.4 43.6 10.0 
96 hr. 50.0 33.6 8.0 
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TABLE 10 
SINGLE-STEP AGING AT 190°C 
DIRECT OIL QUENCH TO 190°C 
HEAT TREATMENT: Solid solution heat treatment at 500°C 
20 minutes, quenched in oil at 190°C, age at 190°C 
Ultimate 
Tensile Yield 
Aging Strength Strength Elongation 
Time KSI KSI Percent 
1 min. 60.0 39.0 16.3 
2 min 63.6 41.5 21.3 
4 min. 61.8 41.4 20.1 
15 min. 63.4 41.2 16.6 
30 min. 64.9 41.8 19.0 
60 min. 62.1 43.1 14.0 
2 hr. 62.7 45.0 14.0 
4 hr. 67.0 47.8 11.4 
8 hr. 63.3 52.8 3.8 
12 hr. 67.9 55.2 6.0 
16 hr. 68.5 56.9 4.3 
24 hr. 69.0 57.9 4.6 
48 hr. 65.0 56.2 5.3 
96 hr. 60.0 48.7 6.4 
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TABLE 11 
REVERSION TREATMENTS 
HEAT TREATMENT: Solid solution heat treatment at 500°C for 
20 minu tes, quench in \vater at 20°C ,age at 190°C for 10 hours, 
quench at 20°C in water, then 15 minutes at 250°C,275°C, 300°C, 
325°C or 350°C 
Ultimate 
Tensile Yield 
Temper- Strength Strength Elongation 
ature KSI KSI Percent 
As Q 39.8 17.3 22.3 
As Aged 59.2 50.5 4.6 
250°C 53.3 42.9 5.8 
275°C 53.6 40.5 6.3 
300°C 48.6 32.1 7.3 
325°C 45.1 26.3 9.0 
350°C 44.1 21.4 10.3 
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